In order to improve signal-to-noise ratio of low-field Magnetic Resonance Imaging (MRI) measurements, a Permanent Magnet (PM) with a field of about 1 T was used as pre-polarizing field and a tuned high-T c (HTS) rf Superconducting Quantum Interference Device (SQUID) acted as signal detector. Measurements were performed in a Magnetically Shielded Room (MSR) with the door open, while the PM was located outside. A manual mechanical transport system was used to repeatedly move sample from the PM to the measuring position beneath the SQUID. The two-dimensional LF-MRI of a sample tube of 0.5 ml tap water demonstrates the feasibility of this concept.
Introduction
Recently, low-field (LF) Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) using Superconducting Quantum Interference Device (SQUID) as a signal detector have been demonstrated [1] [2] [3] . Compared to conventional high field MRI, LF-MRI exhibits some advantages: moderate requirements on the field homogeneity, the possibility to perform imaging in the presence of metal objects [4] , and enhanced T 1 -contrast imaging which can discriminate different types of tissues [5] . In such measurements, there are two magnetic fields, pre-polarization field (B p ) and measurement field (B M ). Magnetization (M) of a sample is proportional to B p while B M determines the Larmor frequency f L . Here, the signal amplitude, or say, signal-to-noise ratio (SNR) of MRI measurements scales only with B p when a SQUID is used.
Usually, a polarizing field B p of 10 50 mT is generated by copper wire wound coils such as solenoid or coil pair [3, 6, 7] . When using such coils to produce a B p larger than 50 mT, several problems arise such as the heating effect produced by the large current through the coil, the long switch-off time of B p , and flux trapping in the SQUID. Furthermore, an induced eddy current in the μ-metal caused by the suddenly changing B p may bring down the measurement if the measurement is performed in a Magnetically Shielded Room (MSR).
There is another possibility to obtain a large B p , namely, utilizing a Permanent Magnet (PM). Appelt et al. used a cylindrical Halbach PM with typical field strength of 1-2 T inside the bore to observe the highresolution molecular structure with NMR in the Earth's field [8] . Liao et al. utilized a PM with 0.74 T to pre-polarize 9 mL tap water and achieved a SNR of about 140 in a single NMR measurement [9] . In these two works, a Faraday coil was employed as detector.
In this paper, we use a PM pair which generates a field of about 1 T as B p and a tuned high-T c (HTS) rf SQUID as a signal detector [10] to perform not only LF-NMR but also LF-MRI measurements. Using a manual mechanical transport system to transfer the sample from the magnet site to the SQUID, 2-D LF-MRI measurements of 0.5 ml tap water samples are reported.
Setup and Sequence
Our setup is schematically shown in Fig. 1 (a) . It consists of four parts: coil system, SQUID system, a PM pair and a mechanical transport system: i) Coil system A Helmholtz coil pair was used to generate a measurement field B M . An excitation field B ac in the y direction was produced by a coil pair which is not shown in Fig.1 (a) . The gradient field G zz was generated by a Maxwell coil pair whereas the other two gradient fields, G zx & G zy , were produced by a planar gradient coil pair.
ii) SQUID system
One tuned HTS rf SQUID which consisted of an rf SQUID magnetometer [10] and a LC resonant circuit was positioned at the bottom of the cryostat. The f L of our MRI experiments was selected to be about 9 kHz, which yielded a good compromise between the sensitivity of the sensor, the stability and homogeneity of the measurement field, and the minimization of environmental disturbance. And the sensitivity of the tuned rf SQUID is about 6-7 fT/ Hz.
iii) PM pair
The PM was made of NdFeB, with diameter of 120 mm and height of 50 mm. The PM pair with gap space of 30 mm was enclosed by a yoke consisting of four soft iron pieces. It generates a B p field of about 1 T in the center of the gap.
Because strong PM may impair the homogeneity of the magnetic field in the vicinity of the magnet, the PM should be placed as far as possible from the measuring position under SQUID. Here, the coil system and SQUID were placed in the MSR while the PM pair was located outside. The distance between PM pair and the measuring position was about 1.8 m. In order to move the sample between the PM pair and the SQUID detector, a mechanical transport system is needed.
iv) Mechanical transport system
The mechanical transport system consists of a weight, three pulleys, and a slide rail made of Aluminium. Due to the gravity of the weight, the sample is pulled along the slide rail to the measuring position. At the end of the slide rail, there is a micro-switch which produces a TTL pulse when the sample reaches the measuring position. A transport time determined by the weight and the length of the slide rail, usually is 1 ~ 2 s.
During the transporting process, the free induction decay (FID) signal is decreasing exponentially by:
Here, A 0 is the initial amplitude, and T 2 is the spin-spin relaxation time which is about 3.4 s for pure water in the room temperature [11] .
Theoretically, A 0 of PM with 1 T is twenty times larger than that of polarizing coil with 50 mT, and it is assumed that the measurements with polarizing coil can be started immediately after B P is switched off. According to the formula (1), when polarizing the sample of pure water in the 1 T PM and starting the measurement after 1 ~ 2 s transport time, the initial amplitude of the FID signal can be enhanced by about one order of magnitude compared to using polarizing coils of 50 mT and starting the measurement without delay.
Therefore, with the use of a PM for sample polarization, it is possible to improve the SNR of LF-MRI measurements. However, it is uncomfortable that the sample has to be transported between PM and the measuring position, compared to polarizing coils All experiments were performed in the MSR with its door open. Fig. 1(b) shows the sequences. First, the sample is pre-polarized for about 5 s by the PM pair. After polarization, the sample is transported to the measuring position. Once the sample reaches the measuring position, the micro-switch produces a TTL signal to start the sequence. Subsequently a 90 0 pulse is applied to tilt the magnetization M perpendicular to B M . After a B ac pulse, undesired transient ringing is induced in the LC circuit. This ringing may cover the FID signals because the duration of the ringing is comparable to that of the signals. To effectively damp the ringing, we used a Q switch circuit developed by Dong et al. [12] . The Q value of LC circuit is kept low until the B ac pulses ends. Subsequently, the Q value increases gradually to its maximum and the data acquisition starts.
The measurement field B M in the following measurements was about 213 μT (f L ≈ 9.068 kHz). The FID and spin echo signals were recorded by a HP 3562A dynamic signal analyzer.
Experimental results

NMR measurement
In order to characterize the sensitivity of our system, NMR measurement with a sample of 0.1 ml tap water was performed. Fig. 2 shows the FID signal in a single measurement (a) and its spectrum (b), in which a SNR of about 60 was demonstrated and the corresponding spectral linewidth was about 0.75 Hz.
The signal also can be averaged, for example, the SNR was increased to about 110 after 5-times averaging (not shown here). The results demonstrate that the SNR can be greatly improved using a PM for sample polarization, compared to our former works using a coil electromagnet [7, 13] . 
1-D MRI measurements
The basic principle of MRI is that by applying magnetic gradient field, spatial coordinates of magnetic resonance signals can be determined. In the following measurements, two tubes with tap water (each tube has a length of 30 mm and a diameter of 4.5 mm, and the volume is about 0.5 ml) were separated by a distance of about 20 mm (see Fig. 3 (a) ). In the absence of the gradient field, the FID signal of a single measurement is presented in Fig.3 (b) . The FID signal should be decaying exponentially as indicated by the dashed lines with T 2 of 3.4 s. The observed stronger decay of the signal is caused by the inhomogeneity of the measurement field B M which may lead to a distortion of the MRI images.
When applying a gradient field of G zz of 47 μT/m, corresponding to 20 Hz/cm, FID (I) and spin echo (II) signals in a single measurement are shown in Fig. 3. (c) . For spin echo measurement, the π pulse was applied at t d = 0.13 s. In order to improve the spectral resolution, FID (I) and spin echo (II) signals were extended to 2 s when performing a Fast Fourier Transform (FFT), and their corresponding spectra are shown in Fig. 3. (d) . In the spectra, two peaks are separated by about 40 Hz which fit well to a geometric distance of about 2 cm. Though the amplitude of the echo signal is smaller than that of the FID signal, their SNRs are almost same and about 30. This result is in agreement with the report of Dong et al. [13] . Here, the spectral linewidth of about 6.5 Hz of the echo signal is smaller than that of 9.3 Hz of FID signal.
These experiments demonstrate that MRI using a strong permanent magnet for sample polarization, a mechanical sample transportation and a tuned rf SQUID as signal detector is feasible. 
2-D MRI measurements
In 2D MRI, one tube was chosen as the sample (see Fig. 4 (a) ). The 2D MRI image was acquired based on the filtered back-projection reconstruction.
During the 2D MRI measurements, the direction of the gradient field was rotated from 0 0 to 180 0 with 12 steps. For every step, the FID signal of a single measurement was recorded. The reconstructed 2D image with a gradient field of 20 Hz/cm is shown in Fig. 4 (b) . The dotted lines indicate the geometric contours of the sample. It can be observed that the center of the image is bright and the edge is blurred. This is caused by less of water at the edge of the tube than in the center. The deviation of the reconstructed image from the geometrical dimension may be caused by the inhomogeneity of B M . 
Conclusions
With a strong sample polarization in a 1 T permanent magnet and a manual mechanical transport system to transfer the sample from the PM to the SQUID sensor, we showed the feasibility of MRI imaging at low fields. The SNR of measurements was improved greatly as compared to polarization using a coil electromagnet. A 2D image of one tube of 0.5 ml tap water was demonstrated, and only single measurements were utilized to reconstruct the image. In the future, the homogeneity of B M should be improved to perform MRI measurements of large samples and an automatic mechanical transportation should be applied to improve the precision of sample positioning.
